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THE ‘USE GF'LAEGE-VALVE OVERLAP IN SCAVENGING

A SUPERCHARGED SPARE~-IGNITIO¥ ENGINE USING FUEL INJECTION
S N - C . . LR R . . e e

: By Oscar . Schey-and“Aifrg@ W. Young

SUMMARY -

This .investigation was conducted to determind the
effect of more complete scavernging on the full throttle
power and the fuel consumption of a four~stroke-cycle en-
gine., The H.A.C.A. single-cylinder universal test engine
equipped with both a fuel-injection system and a carburetor
- was used., The engine was scavenged by using a’ large valve
overlap and maintaining a pressure in the inlet manifold of
2 inches of mercury avove atmospheric. The maximum valve
overlap used was 112°0. Tests were conducted for a range of
compression ratios fror 5.5 to 8.5. Except for variable
speed tests, all tests were conducted a4t a4n engine speed of
1,500 r.p.m. The résults of the tests show that the clear-
ance volume of.an 'engine can be scavenged by using a large
. valve overlap and about 2 to 5 inches of 'mercury pressure
difference betwsen the inlet and exhaust valve. With a
fuel=injection system when the:clearance volume wa$ scav-
enged, &  b.m.e.p. of over 185 pounds per square inch and
a fuel consumption of (.45 pound per brake horsepower per
hour were ottained with a 6.5 compression ratio. " An in-
crease of approximately 10 pounds per square inch b.m.e.p.
was obtained with a fuel-injection system over that vith a
carburstor. S :

IHTRODUCTION

Scaverging is the process of removiag the exhaust -
gasses from an engine. In the conventional four-stroke~-
cycle engine all the éxhaust ganses exdept those in-the
clearance space are forced out'ef ithe ¢ylinder by the
riston on the exhaust stroké.v ‘Conseguently, tne engine .
can not induct a charge of greater volume than that of :
the displacement volume; whefeas, if the' clearance volume
could =lso be scavenged, the engine could induct a fresh
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charge equal to the displacement-plus the clearance volume.
The ratio of the power with complete scavehging to that
with normal scavenging should be equal to the ratio of the
volumes of ‘the fresh - charge, or r/ r-1l), where r is the

compresslon ratio._ L e e e

kel

During the tests mecently conducted by the Gommittes
(reference 1)<to investigate the. valve timing of a super—
charged engine at altitude and an unsupercharged sngine
at sea level, a scavenging blower was connected to the
exhaust side of the engine in order to simulate the re-
duced exhaust pressures .at altitude. In addition to the
information obtained on valve timing, these tests show
that at a compression ratio of 5.35 with the sxhaust pres-
sare. redtced to that corresponding to an altitude of 18,000
f-eet the bim.g.p. is increased.l4 per cent. For this con=-
dition approximately 50 per cent of the exhaust .gases were
removed from the clearance space:. Connecting the scaveng—
ing blower to the engine exhaust is not a practicable meth-
od for scavenging the engine because the power required to
operate the Dblower would be greater than the corresponding
gain ih engine power.

-As the. supercharéers novw in use on engines of high
-power output:conld also be used as scavengiang blowers, the
‘engine indlction system would not be further complicated,
and the supercharger would instead servée a twofold purpose.
To scavenger the clearance velume the valve timing of the
engine would have to be changed so that both the intake
and the exhanwst valves sre open during the: last pari of the
scavenging etroke and the first part of the intake stroke.
With this valve overlap the dead ga®es’ ‘are blown out 0f the
eylinder when they océupy the minlmum valume. For this
condition a large amount of the burnt gases in the clear-
ance volume can be removed with a minimum loss of incoming
charge, The carburetor should be replaced with a fuel~in-
Jjection system®*so that the time of injection of the fuel
could be controlled. It would undoubtedly be impossibdle

to scavenge appreciably and to boost an englne eqguipped
with a conventional carburetor without carrying some of

the fuel out through the exhaust.

The use of a fuel-~injection system instead of a
carburetor for engines operating on the Otto cycle hag
been extensively invesgtigated- by the . ‘Committee during-the
past year. Such a system is sunited-to the usse of "safgty
fuels" having a high flash point as well as of gasolins.
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Power output practicalIy equal to that with gasoline has
been obtained using a hydrogénated safety fuel, dlthough

the fuel consumption is somewhat greater. During thess
tegts ‘it was foudd that the best performance ‘was obtained

‘when the start of the fuel injection period was from 50°

to 700 after top center on the suction stroke. With this
injection timing it is reasonable fo 'agssume that the scav=~
enging can be completed and the exhaust valve. closed be=
fore anhy fuel is injected into the combustion chamber.

Tests ‘on valve timing (reference 1) shHowed that the

‘power of an edgine can be 1ncreased by advancing the time

of intake . opening and that the power ig not greatly af-
fected by retarding the time of ezhaust vaglve closing

" Therefdre it is freasonable to suppose that a: large valve

overlap can be used without sacrlficing performance of the
individual cyllnders. The effect o0f a large number of

cylinders operating with a large valve overlap or long in-

take and ‘exhaust periods would‘have to be considered in
the design -of the induction and exhaust systems. Most of
the present tests were made at an engine speed of 1,500
r.p.m., using a fuelqingection system and using as a fuel
domestic aviation gasoline (73 isooctane number) plus 10 °
cubic centiméters of ethyl fluid per gallén. These tésts

,covered 2 range of compression ratios. of 5.5 to 8.5 and

two inlet pressures - atmospheric and ‘2 "inches of mercury
boost. A few tests were also made at 5. 5 compression ra-
tio with engine spesds 'of "1, 200 and 1,800 r.p.m. with oth-
er conditions .the same as in the precedlng tests. Tests
with no ethyl fluid in the gasoline were made at 5.5 gnd

- 6.5 compression ratios, at atmospheric inlet pressure, and
‘at a speed of 1,500 r.p.m. The tests with the carburetor

were made at 5.5 compression ratlo and a speed of 1,500
r.p.m. The tests with carburetor .were conducted w1tn nor-

-mal valve timing and with a valve overlap of 1129, while

the tests with fuel-injection system were conducted with
s valve overlap of 1120, All tests were made at full open
throttle._ ‘ ' T ' -

~ DESCRIPTION AND METHOD

These tests were carried out ﬁith'thehﬁiﬁrc.Aﬂ:ﬁni-
versal test engine, which is completely dese¢ribed in ref-

erence 2. A cross section of the combustion chamber of
this engine 1s shown in Figure 2. An electric dynamometer
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ig usad to aﬁsorb the engine nower. The comnression
ratioy. valve -1ift,. and. tiue of openi g -and. closing the
valwves can all.. bervarled independvntlv.--ThQ carburetor:
‘waich 4d usually used with this, engine was left in pldace
‘BEd its throttles were used . to coatrol the air supply for
stdrting. . A Roots type supercharger driven by an ‘elec~
tric-motor supplied the engine with air at greater than
atmospheric pressure. Twyo tanks were placed in the air
duet ‘between the supercharger and the engine to damp pres-
fsure pulsations. Figure 1.shovs the set-up.

A commercial fuel-injection pump was driven from the
crankshaft through a 2:1 reduction gear, vhich alsc served
ag.a timing mechanism.: .A spr*ng-loaded automatlc—lnjec-
tion-valve (fig. 2) set to open at & .pressure of 3,000
" pounds per square inch was used in tne top spark—plug hole.
The othegr -two:hsles were used. for the. spark plugs of the
doubl® ignition system. . The nozzle .0f the 1ngection valve
had -séven -orifices locatéd to give a spray in a plane
parallel to -the crankshaft. This injection valve and noz-
zle.vere selected after several types had been tried.,

Before the tests herein reported were conéducted, the
valve 1ift was. set at three-eighths inch and pumerous runs
were made 10 determine the best valve timing. The settings

© finally decided uporn were as follows: inlet opens 600 be-

fore top center, inlet closes 270 after bottom center, ex-
haust opens 47° before bottom center, exhaust closes 52°
after top center. The events occurring at the bottom of
the stroke were probably not timed gquite as well as wasb
possible, for they were at the limit of their adjustment,
but from the data presented in reference 1, it seems probda-
ble that they were not displaced far enough from their opti-
mum positions to affect the eigine power apnreciably. The
events at the top of the stroke were at approximately their
besgt positions, but their timing was not critical within

5° or 100°. : -

The adjustable pump-drive gear was set to give in~
jection of fuel at the time that gave maximum power, and
the actdal..time in tthe cycle at. which injectlon occurred
was determined by megns of a "Stroborama" Injection
started at 70° after top center on the suction stroke; the
tv-duration of injection was .from 70° to 800, sccording to the

fuel quantity. e :

i

Gt bl kg,

-
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The torque at the dynamgmeter .WaS read directly from
d181 séales, and the fusl consumption and-engine speed
wére determined: from_ the- readiﬁgs df an electrically oper=
ated counter-and stop watch, which weré connected to the-
fuel scales and gave the time &nd-the flumbér , 6f engine
révolutions reqnire& to Uuse a given weight of fuel._ For
all cenditions -for which the fuél cqnsumption was desired
a seriés- 6f af least threeé runs wad made with' fuel ratids
varying frOm slightly richer than necessary for maximnm
power to 'lean enough ‘to- ‘cause & decided drop’ in power.fi:
The "ignition timing was-set for ‘maximan Eower “whHenever a’
thange was hade in “the- compression ratio. The maximum ;
cylinder pressures: were messured with & modifie& Farnboro
electric indicator. (Reference 3. ) o

- A short -series of tests was made using the carbnretor
inttegd of the fuel-injection’ eystem. ‘“The carburetor used.
was ‘a Stromberg NA~L5 médel to which'a needle velve had:
been added to give ready control of “the ‘mixture etrength.
Axn automatic regulatinﬂ valve ‘maintained the gaSOIine feed
at a constant pressure over ‘that of ‘the inlet -air.” The’ f
carburetor runs were nmadeé wiﬁh the neédle ‘valve adjusted
to give the naximum poewer at full throttle with the 1least
fuel consumption. For each condition the qptimum ignition
timing was used -except for the 8.5 coﬁpre381on raﬁio, which
necessitated retarding the ibnition to eliminate detcnation.

- 4 <

’RESU’LTS AND DI’-S:CUSS_I,OE S | L. _

In this investigation the” scavenging pressures for
practically -all tests with the fuel-ingection system were
linited to 2 inches of mercury because the injection pump
. did not Have sufficient capacity to supply fuel for ‘the
combustion of more air. The scavenging pressure for tests
with ‘the carburetor was limited to 6 inches of mercury.
Figure 3 shows the b.m.e.p. and the specific fuel consump-
tion obtained with different degrees of boost with a fuel=
injection system and with.a carburetor when the engine is
operated with a large valve. overlap. Similar performance
data are shown for this ‘engire with a carburetor when °
operating with standard Liberty timing or no valve overlap.
No corrsction has been nade  for the’ ‘powsr required to drive
the supercharger for any of the data preeented This cor-
rection, however,'would be very small probébly not over 2
or 3 per cent of the total engine power gt 2 1nches of mer-
cury boost. It is’ reasonable to assume ‘that ‘gome” improve-



6 N, A.C,A, Technical Note No. 406

ment in scavenging must bPe obtained with no boost pres—
sure, or there would not be so great a difference between
_ the b.m.e.p. with no valve overlap and the b.m.s.p. with
a valve overlap. For the condltion using & large valve
overlap the b.m.e.p. at first increases with boosting at
a much greater rate than with no valve overlap. For
pressure differences between the inleft and the exhaust of
more than 4 or 5 inches of mercury, the point where the
curve indicates that the engine is almost completely scav-
enged, the rate of increase should be the same with either
valve timing, with the actual value for tlie scavenged en—
g€ine higher by a constant amount depending on the com~ -
pression ratio. The fuel-injection system gives approxi-
mately 10 pounds per square inch b.m.oe.p. more than the
carburetor. The specific fuel consumption for a carbus
reted engine with no valve overlap and for a fuel-injec- .
tion engine with a valve overlap decremses with the boost
pressure; whereas, the fuel consumption for a carbureted
engine with a large valve overlap increases with the boost
pressure., The fuel consumption for the latter condition
increases when the boost. pressure is increased because
some of the mixbture is wasted in the scavenging procegs.

The effect of a large valve overlap on the b.m.e.p..
and the fuel consumptlon at various compression ratios
with fuel injection is shown by the curves in Figure 4,
These curves show that the scavenging of an engine results
in a large increase in power and an appreciable improve~
- ment in fuel consumption.  The actual quantity of fuel in-
jected per cycle, however, 1s greater when the engine is
scavenged and boosted because® the weight of air inducted
is greater., It will be noted that with & more completely
scavenged and boosted engine excellert economy can be ob-
tained with exceptionally high power output. For instance,
at a compression ratic of 5.5 and 2 inches of mercury boost
the b.m.8.p:i is 178 pounds per square inch.-and ths fuel con-
sumption 0.51 pound per brake hoisepdwer per héur, as com-
pared with a b.m.c.p. of 145 pounds .per square inch and a
fuel consumpition of 0.54 pound per brake horserower per
hour for a carbureted engine operating with wo valve over-
lap. (Fig. 3.)

. Figure 5 shows the results obtained at compression
ratlos of 5.5 and 6.5 with domestic¢ aviation gasoline com~
pared with those. obtained with domestic aviation gasoline
Plus 10 cubic centimeters of ethyl fluid per gallon. At
a compression ratio of 5.5 very little improvemgnt is
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noted in fuel consumpiion.or power; whereas, 'at.a.com-
pression ratio of 6.5.the power and fuel .consumption are
¢énsiderably . better with doped fuel., ‘Although no tests
wére.made %o determine the amount that the pressure at .
the intakeé could.be increased.without detonation with do- -
mestic aviationﬁgasoline,_lt ) believed that at a com- -
pression rat:o of 5.5 .the: boost presgsure ¢could be in~ . - -
creased at’ least to 2 1nches of mercury. : -

Although most of the tests were conducted with suf—-
ficient ethyl fluid to eliminate detonation, & few tests
were made with no ethyl fluid. in . the .gasoline. -There .was
no audihle dlfference in the tendency to detonate with an
engine having a. scavenged clearance volume as compared mith
one that is not scavenged. . .

. . The curves in Figure 6 show the effect on power and
fusl consumption of. operating. at speeds- of :1,20Q, 1,500,
and 1,800 r.pim. - The best performance was ebtafned at a
speed .of 1, 500 r.p.m. and the paorest performance.at 1,200
TePsle . This large difference in performance may be caused
by . the length of either.the:.intake or exhanst pipe or: both.
Previous tests. have. sh0wn 4that at 1,500 r.p.m. the inlet -
pipe, used_was more favorable to high output than. ,¥as no in~
‘let pipe, and it is entirely posslble that the exhaust pipe
exerted a similar effect. - e 5 . .

The explosion pressures were 660 810 870 and 830
pounds per. square inch for a scavenged engine with 2 1nches
of mercury boost. at.compressiop. ratios of 5.5, 6.5, *
and’ 8.5. fThe explOBion pressures for the 8,5 eompre531bn
ratio were low .because it. wasg necessary to. retard »he spark
to, prevent detonatlon. o S : :

The operation of the engine was . normal except at i— -
dling speeds. It is believed the idling could be improved
by reducing the volume.between the- throttle.and the intake
port. TWith the present volume when ‘the throttle. is closed.
the exhaust . gases from the. cylinder flow into the’ intake.
pipe. . On the. fellowing stroke these dead .gases are in-
ducted into the .combustion chamber.z The ‘varying amount of
these.déad gases present for.sach cycle.causes the engine-
‘to idle’'paorly. -With, the fuel-injection- system. and no
valve overlap the . englne idled satlsfaotorrlv.

- Rl [
S, -
-

o Mech nical conslderatlons. ; The valve timlng that is-
best for a supercharged engine at sea level is not neces-
sarily the best at altitude because at altitude the pres-
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sure difference between the intake and the. exhaust valve
is greater., K Purthermore;=the” 1mportance of tsing a scav=
enging blower decreaswus &8’ tiie aL,ltude increaﬁes because
tnére is less exhaust .gas :ia the cleardnéé volume; the ex~
haust pressure belng less.: AV au- altitude of 18,000 feet
therewls_approxlmately 50 'per-cent by weight 1ess exhaust.
g8 in the clearance volume -at ‘the ~end of the .scavengling
strore than there is at 1T:) level; "hence, the increase in
power due to scavanging the: engine ‘should be only 50 per
cent of what it is at sea level. Because the-pressure
difference between the intaké and sxhaust increases with’
an’ increase in altitude on a- supercharged'englne the a~-
mount of compressed air wasted would Have to be considered
in the timing of the engine -operating at high altitude.
This wasted air need not be - -considered for engines oper-
.ating et moderately low altltudés.

Por engines .equipped wiih.turbosubercharéers_tha i
provement due. to scavenging would be obtained at all alti-
tudes up to the critical altitude provided that. the pres-
sure at the intake could be maintained a few inches of
mercury higher than the pressure at the exhaust. ‘To ob-
tain the best results with a turbosupercharger it may be
necessary also to use a geared supercharger with a small
compr65810n ratioc to give the necessary pressure differencs.

The cylinder overlap must be congidered also so that
one c¢ylinder does not starve another cylinder. It is be-
lieved that this difficulty with a fuel injection could be
overcome€ by connecting each cylinder through a. short in-
take into a common reservoir. 'The reservoir should be. suf-
ficiently large so that pressure fluctuations would not
appreciably affect the charge to each cylinder. Any ram-
ming action obtained with long inlet pipes due to the ki-
netic energy of the air could be compensated for by slight-
iy 1ncreasing the :pressure 'in the reservoir.-

The fuel—inJectton gystem.is more complicated than .
the carburetor, but it has some important advantages. In
most carbureted engines some of the cylinders reccive a .
richer mixture than others. This unegual distribution
means that all of the mixture must be eariched until- the
leanest mixture whieh any.cylinder receives.is not too lean.
Because better distribution can be obtained with a fuel-in-
jection system. then with a carburetor, the fuel injection
should be more economical and give better acceleration and
smoother running. . . Ce

;,,..--
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CONCLUSIONS -

Thé" results of these tests indicate:z B

i. That the"clearance voiumé of a" conVenEional
four-stroke—~cycle engine can be scavenged by using.a.
,large valve overlap . and & pressure difference of from
‘2 t0.5 inches of mercury between thé intake and tha S
exhaust valve. -

. o _' e - s -
!- -

o —~

2. That this improvement in the scavenging results
in a large increase in power and slight decrease in fuel
consumption.

3. That an increase of approximately 10 pounds per
square inch b.m.e.p. was obtained with a fuel-injection
svstem over that of a carburetor.

Langley Memoriel Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., January 25, 1932.
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Fig. 2 (Contimnued on next page.)
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Fig.4

X 8.5 to 1 compression ratio
A 7.5 t01 " "
+ 6.5 to 1 i "
O Bb.btol " "
200
- 0 2 ih, Hg. bbost| prebsure L
_’-‘/"‘//wr—_ﬂ
190 = —
q' s et N
o +/'/
ot
w 180 —
~ Atmospherit prbssure 44}’,4Lf~""‘4}“—
S — X =
- | "] A
° j/ i "
: | -
< | /"’k-’/‘
160 f—t <=
—
”,ﬂ,—Oﬂ—‘—*u—ﬂﬂ
150 %
a 6
o
o1
4> e +
ig élgls T | Lo
oo ,a ] (:)’ —4/——-}’—‘ R o /-/'\;/—X
882 | L
CE I St BRI o anie
HOETTLE 44 % 48 50 52 54 x10 °
Fusel quantity,lb./cycle
~ Fig.4 Power and fuel consumpiion with 112° valve overlap and

fuel injection for different compression ratios and boost

pressures.



N.A.C.A., Technical Note No. 406 Fig. 6

170

3 e

| pag
D
Q
%

./Sq.in.

b.m.e.g., 1b
3
\
i
J
\

x | 6.5 4o 1 cqmpression rdtio
0| 5.5 %0 1 R u

N

‘140
———| Domegtic aviation gasollins
_— f " u +10 cm?

. of ethyl fluid _ —p
per gallon ==
’—/; —
B — e N
0=0" — - L
b—T

o
1b./b.hp/br.

s Specific fuol consumption,

s
9
(32}

42 44 46
Fuel guantity, 1b. / cycle
Fig., 5 The effect of the addition of 1C cubic centimsters
of ethyl fluid per gallon to the fuel on the power
end fuel comsumption when operatlng with 112° valve
overlap and fuel injection.

i
o]



N:A.C.A. Technical Note No. 406 Fig. B

Atmospheric inlet pressure.
———~—2 in. of Hz. boost pressure.

180 ¥ 120(5 rLF.m /’L————O
O 1500 -]
N 1800 0 T
17C o~ T ——= —X
) /A/ - /_/X//
5 -7 —
- -
g 160
~
0
~ _//
//o
- 150 O
2 =}
[y o]
o 5
g K==t X
,-Q. 140 A E
s | g
B 9,
130T g —t — X 3
_A/-—’X’ /__’0 _ —"‘X’——‘ - L=} é‘
N \emp—TT | X'_—— -"A O [S ]
O A+ — T — T B E;I ,.C;
A — T — L’"'{P‘- ol
8~
. H'a
40 42 as 46 48 50 52 5410 ™0

Fuel quantity, 1lb./cycle.

Fig., 6 Power and fuel consumption at different speede and boost
pressures for a compression ratio of 5.5 when operating

with 112~ valve overlasp and fuel injection.



